Background: Tyrosine kinase receptor c-Met plays critical roles in the growth of RCC. Results: c-Met-mediated Ras activation and HO-1 overexpression promote anti-apoptotic signals, and increase PD-L1 expression, which inhibits immune cell-mediated killing of RCC cells. Conclusion: c-Met-induced HO-1 and PD-L1 expression promotes RCC cell survival. Significance: HO-1 and PD-L1 can serve as novel therapeutic targets for c-Met-induced RCC.
The receptor tyrosine kinase c-Met is overexpressed in renal cancer cells and can play major role in the growth and survival of tumor. We investigated how the c-Met-mediated signaling through binding to its ligand hepatocyte growth factor (HGF) can modulate the apoptosis and immune escape mechanism(s) of renal cancer cells by the regulations of novel molecules heme oxygenase-1 (HO-1) and programmed death-1 ligand 1 (PD-L1). We found that HGF/c-Met-mediated signaling activated the Ras/Raf pathway and down-regulated cancer cell apoptosis; and it was associated with the overexpression of cytoprotective HO-1 and anti-apoptotic Bcl-2/Bcl-xL. c-Met-induced HO-1 overexpression was regulated at the transcriptional level. Next, we observed that c-Met induction markedly up-regulated the expression of the negative co-stimulatory molecule PD-L1, and this can be prevented following treatment of the cells with pharmacological inhibitors of c-Met. Interestingly, HGF/c-Met-mediated signaling could not induce PD-L1 at the optimum level when either Ras or HO-1 was knocked down. To study the functional significance of c-Met-induced PD-L1 expression, we performed a co-culture assay using mouse splenocytes (expressing PD-L1 receptor PD-1) and murine renal cancer cells (RENCA, expressing high PD-L1). We observed that the splenocyte-mediated apoptosis of cancer cells during co-culture was markedly increased in the presence of either c-Met inhibitor or PD-L1 neutralizing antibody. Finally, we found that both c-Met and PD-L1 are significantly up-regulated and co-localized in human renal cancer tissues. Together, our study suggests a novel mechanism(s) by which c-Met can promote increased survival of renal cancer cells through the regulation of HO-1 and PD-L1.
c-Met is a receptor tyrosine kinase that binds with its specific ligand hepatocyte growth factor (HGF). 2 It is composed of a 45-kDa extracellular ␣-chain and a disulfide-linked 145-kDa membrane spanning ␤-chain; and it contains HGF binding extracellular region and a catalytic tyrosine kinase domain in the intracellular region (1) . Upon binding with HGF, c-Met activates a wide range of pathways, including those involved in angiogenesis, proliferation, cell cycle progression, migration, and invasion (2) . Although c-Met is important in the control of tissue homeostasis under normal physiological conditions, it becomes aberrantly activated in human cancers via mutation, amplification, or protein overexpression (3) .
It has been shown that c-Met is overexpressed in both clear cell and papillary renal cell carcinoma (RCC) (4, 5) . pVHL-defective clear cell RCC cells are hypersensitive to HGF, leading to enhanced growth (6) . Interestingly, both HGF and c-Met are located on chromosome 7, which is often amplified in clear cell RCC, and pVHL-defective cells are more dependent on c-Met for survival than are isogenic cells in which pVHL function has been restored (7) . c-Met inhibitors are already being tested in papillary renal cancer because some hereditary papillary renal cancers are linked to germline c-Met mutations (8) . HGF binding to c-Met results in receptor homodimerization and phosphorylation of two tyrosine residues (Y1234 and Y1235) located within the catalytic loop of the tyrosine kinase domain. Subsequently, tyrosines 1349 and 1356 in the C-terminal tail become phosphorylated; and they recruit signaling effectors that include the adaptor proteins GRB2, SHC and CRK (9) . These events promote the activation of multiple signaling pathways, like, Ras-Raf-ERK, PI-3K-Akt, and Src-FAK. For activation of the mitogen activated protein kinase (MAPK) cascades, c-Met activation stimulates the activity of guanine nucleotide exchanger Son of Sevenless (SOS) via binding with SHC and GRB2, leading to the activation of Ras-Raf-ERK pathway (10) . There is a growing appreciation that c-Met activation can con-* This work was supported by National Institutes of Health Grants R01 CA131145 and R21 CA172946 (to S. P.). 1 fer resistance to the inhibitors of other targets (like EGFR) in RCC (11) . Thus, the blockade of c-Met-mediated pathway(s), alone or in conjunction with other inhibitor, may act as promising and novel therapeutics in RCC (12) . However, the downstream effector molecules for c-Met-induced tumor-promoting pathways need to be thoroughly examined. Heme oxygenase-1 (HO-1) is a stress-inducible cytoprotective molecule. It catalyzes the degradation of potent inflammatory agent heme into carbon monoxide (CO), billiverdin and ferrous iron (13) . However, HO-1 also plays an important role in cancer growth (14) . We have demonstrated that HO-1 is often overexpressed in RCC following activation of the Ras pathway, and it protects cancer cells from chemotherapeutic drug-induced apoptosis (15) . It can promote tumor angiogenesis (16) . Interestingly, HGF also induces HO-1 in renal tubular cells (17) . The expression of HO-1 is tightly controlled primarily at the transcriptional level (18, 19) . The transcription factors that regulate the HO-1 gene expression (like Nrf2 and Bach-1) also play a role in tumor progression (20) . However, the correlation between HGF/c-Met signaling and the cytoprotective HO-1 expression in RCC is not well established.
Renal tumors show increased T cell infiltration, yet T cells are rendered incapable of tumor rejection (21) . This suggests that RCC cells have acquired the ability to evade host antitumor immunity, possibly by suppressing T cell activation. It is well demonstrated that the signaling through either positive or negative co-stimulatory molecules regulates the T cell effector function. Engagement of B7-1 expressed on antigen presenting cells (APCs) and CD28 expressed on T cells provides positive stimulatory signal for T cell activation (22) . Potent negative co-stimulatory molecules are programmed death-1 (PD-1) receptor (or CD279) expressed on immune cells such as activated T cells, B cells, and mature DCs, and its ligand programmed death-1 ligand 1 (PD-L1) (or B7-H1 or CD274) (23). Both PD-1 and PD-L1 belong to cell surface glycoprotein B7 family of co-stimulatory molecules that govern T cell function and proliferation. Although PD-L1 expression is prominent in macrophage-lineage cells and activated T cells, recent studies have reported increased expression of PD-L1 in cancer cells (24) . Blockade of PD-L1 resulted in increased anti-tumor responses in murine models (25, 26) . Infiltrating T cells in renal tumor express PD-1 and are associated with poor outcome for patients (27) . Similarly, PD-L1 expression on renal cancer cells hinders prognosis and indicates tumor aggressiveness (28, 29) . Therefore, PD-L1 expressed in renal tumors may play a significant role in down-regulating host immune responses. It has been identified that HGF/c-Met signaling axis can be crucial for tumor progression and metastasis (3, 9) ; however, it is not known whether this pathway can regulate PD-L1 in RCC.
In this study, we report that the activation of c-Met protects renal cancer cells from apoptosis and immune cell-mediated killing through the up-regulation of HO-1 and PD-L1. c-Metinduced PD-L1 up-regulation is dependent on the Ras signaling pathway and HO-1 induction. We observed that the splenocyte-mediated apoptosis of cancer cells was markedly increased in the presence of either c-Met inhibitor or PD-L1/PD-1 neutralizing antibody. c-Met and PD-L1 are significantly increased and co-expressed in human renal cancer tissues. Together, for the first time, our data suggest that c-Met-induced HO-1/ PD-L1 expression can play a pivotal role in the survival as well as immune escape of renal cancer cells.
EXPERIMENTAL PROCEDURES
Reagents-The recombinant human and mouse HGF were purchased from e-bioscience. Gene-specific siRNAs for Ras, HO-1 and PD-L1 along with control siRNA were purchased from Qiagen. Cells were transfected with siRNA using Lipofectamine 2000 (Invitrogen). The c-Met inhibitor XL-184 was obtained from selleckchem (30) . PI-3K inhibitor LY294002 was obtained from Calbiochem. Cobalt Protoporphyrine (CoPP) and Zinc Protoporphyrine (ZnPP) were purchased from Frontier Scientific. Plasmid DNAs were transfected using Effectene Transfection reagent (Qiagen). Mouse anti-PD-L1 and Mouse anti-PD-1 monoclonal antibodies were developed in the laboratory of Dr. Gordon Freeman (Dana Farber Cancer Institute, Boston, MA). Mouse IgG isotype control antibody was obtained from BD Biosciences.
Cell Lines-Human renal cancer cell lines (786-0, ACHN, CAKI-1) and mouse kidney cancer cell line RENCA were obtained from the ATCC. 786-O and RENCA cells were grown in RPMI 1640 medium; ACHN cells were grown in EMEM medium; and CAKI-1 cells were grown in McCoy's 5A medium. All medium were supplemented with 10% fetal bovine serum (FBS) (Invitrogen).
Tissue Samples-Tissue samples of human renal cell carcinoma (RCC) were obtained from surgical specimens of patients who underwent surgery at the University Hospital (Wurzburg, Germany). The protocol to obtain tissue samples was approved by the review board of the hospital. Tumor tissues were graded (stages I through IV) according to Robson staging system.
Plasmids-The human HO-1 promoter-luciferase plasmid was a gift from J. Alam (Alton Ochsner Medical Foundation, New Orleans, LA) (15) . The plasmid phHO4luc was constructed by cloning the human HO-1 promoter sequence (bp Ϫ4067 to ϩ70 relative to the transcription start site) into the luciferase reporter gene vector pSKluc. The human PD-L1 promoter-luciferase plasmid pGL3-PD-L1p was obtained from the laboratory of Dr. Margaret A. Shipp (Dana Farber Cancer Institute, Boston, MA). The pGL3-PD-L1p was constructed by cloning the promoter sequence (Ϫ281 to ϩ43 base pair) relative to the transcription start site of human PD-L1 gene into the promoter-less pGL3 luciferase vector (Promega). All Ras expression constructs encode mutant versions of the transforming human Ha-Ras(12V). The pDCR-ras(12V), pDCR-ras(12V, 35S), pDCR-ras(12V,37G), and pDCR-ras(12V,40C) mammalian constructs encode effector domain mutants of Ha-Ras(12V), in which expression is under the control of the cytomegalovirus promoter (31) .
Western Blot Analysis-Protein samples were run on SDSpolyacrylamide gel and transferred to a polyvinylidene difluoride membrane (Millipore Corp.). The membranes were incubated with anti-phospho-MET, anti-c-Met, anti-HO-1, anti-Ras, anti-Bcl-xL, and anti-Bcl-2, anti-GAPDH (Cell Signaling), anti-Nrf2, anti-Bach-1, anti-Sp1, anti-phospho-RKIP, anti-RKIP (Santa Cruz Biotechnology); or anti-␤-Actin (Sigma-Aldrich); and subsequently incubated with peroxidase-linked secondary antibody. Reactive bands were detected using chemiluminescent substrate (Pierce).
Measurement of Active/GTP-bound Ras-The active/GTPbound form of Ras in the cell lysates was measured by utilizing an EZ-detect Ras activation kit (Thermo Scientific). This kit utilizes specific Ras-binding domain (RBD) of Raf-1 that can specifically bind active GTP-bound form of Ras. The cell lysates were incubated with GST-Raf-1-RBD and glutathione resin. The eluted samples were separated by SDS-polyacrylamide gel electrophoresis, transferred to a polyvinylidene difluoride (PVDF) membrane, and probed with anti-Ras antibody.
Cell Proliferation Assay-Cell proliferation was measured by MTT cell proliferation assay (ATCC) following manufacturer's protocol. Briefly, cells were plated in 96-well plates. Following treatment, 10 l of MTT reagent was added to each well. When purple crystals of formazan became clearly visible under microscope, 100 l of detergent was added, and the cells were incubated in the dark for 4 h. Absorbance was measured at 570 nm and corrected against blanks, which consisted of culture medium processed in the same way as above in the absence of cells. The reading at 570 nm is directly proportional to cell proliferation (number of viable cells). The cell proliferative ability was also assessed by BrdU incorporation assay utilizing BrdU Flow kit (BD Pharmingen). Anti-BrdU-FITC-stained cells were analyzed by flow cytometry.
Analysis of PD-L1 Cell Surface Expression-Renal cancer cells were trypsinized, washed, and resuspended in phosphatebuffered saline containing 2% FBS. The cells were then incubated with either APC-conjugated human PD-L1 antibody or PE-conjugated mouse PD-L1 antibody (eBioscience). Following incubation and washing, the stained cells were analyzed by flow cytometry.
Apoptosis Assay-Cellular apoptosis was measured by Annexin-V and propidium iodide (PI) staining using an allophycocyanin (APC) Annexin-V apoptosis detection kit (eBioscience), according to the manufacturer's protocol. Following staining, the cells were analyzed by flow cytometry on a FACSCalibur.
Luciferase Assay-Cancer cells (0.5 ϫ 10 5 ) were transfected with either HO-1 or PD-L1 promoter-luciferase plasmid. The cells were then treated with HGF/vehicle in the absence or presence of XL-184/vehicle as described. Cells were harvested after 48 h of transfection, and luciferase activity was quantified using a standard assay kit (Promega) in a luminometer. To assess the transfection efficiency, cells were co-transfected with ␤-galactosidase gene under the control of the cytomegalovirus immediate early promoter, and ␤-galactosidase activity was measured by a standard assay system (Promega).
Preparation of Nuclear Extracts-Nuclear extracts were prepared from the cells using a nuclear extraction kit (Active Motif) following manufacturer's protocol. After treatments, cells were collected in phosphate-buffered saline (PBS) in the presence of phosphatase inhibitors. The cells were resuspended in hypotonic buffer and incubated on ice for 15 min. Cytoplasmic fractions were collected after adding detergent and centrifuging the cells. The nuclear pellets were resuspended in complete lysis buffer and incubated on ice for 30 min. The nuclear fractions were collected by centrifuging the cellular extracts for 10 min.
RENCA/Splenocytes Co-culture-Splenocytes were isolated from the spleens obtained from BALB/c mice following standard protocol. Briefly, extracted spleen was placed into RPMI medium with 10% FBS, and minced under aseptic condition. Large chunks of tissues in the suspension were removed using 40-m nylon mesh cell strainer and splenocytes were pelleted by centrifugation, resuspended in RPMI medium and then utilized in co-culture experiments. To perform co-culture, freshly isolated splenocytes (1 ϫ 10 6 cells) were added to the culture of RENCA cells grown in 6-well plates. Following 72 h of treatment as described, cell culture medium containing the splenocytes, and dead RENCA cells was removed. The adherent RENCA cells were then trypsinized, washed with PBS and subsequently cellular apoptosis was analyzed by Flow cytometry as described above.
Immunohistochemistry-Acetone-fixed frozen RCC tissue sections were first stained with anti-PD-L1 (Biosciences), and then incubated with a species-specific Cy3-conjugated secondary antibody. In a second step, the sections were stained with anti-c-Met (Abcam), and then incubated with a species-specific AlexaFluor488-conjugated secondary antibody. To prevent nonspecific binding between first and second staining, the sections were blocked with Dako double-staining block. Specimens were washed thoroughly in between incubations, and then mounted with medium containing DAPI (4Ј6-diamidino-2-phenylindole-dihydrochloride) (Sigma-Aldrich). The sections were visualized under fluorescence microscope. Co-localization of c-Met and PD-L1 was evaluated by merged images.
Statistical Analysis-Statistical significance was determined by Student's t test. Differences with p Ͻ 0.05 were considered statistically significant.
RESULTS

c-Met-mediated Signaling Promotes Ras Activation, Induces Cell Proliferation and Inhibits Apoptosis of Renal Cancer
Cells-We have demonstrated that hyper-activation of the Ras pathway plays a major role in mediating growth-promoting signals in renal cancer cells (32) . Here, we checked how the c-Metinduced signaling can alter Ras activation in 786-0 and ACHN renal cancer cells. First, we observed that the treatment of 786 -0 and ACHN (data not shown) renal cancer cells with the c-Met ligand HGF significantly induced c-Met phosphorylation; and when the cells were pre-treated with the specific c-Met inhibitor XL-184, HGF-induced c-Met phosphorylation was blocked ( Fig. 1A ). Next, we found that HGF treatment markedly increased the level of active GTP-bound form of Ras compared with vehicle-treated control, while there was no significant change in the expression of total Ras (Fig. 1B , top two lanes). It has been established that Raf kinase inhibitory protein (RKIP) acts as an endogenous inhibitor of the Raf-1/MEK pathway, which channels important signals from active Ras (33) . Non-phosphorylated RKIP normally inhibits Raf and therefore blocks Raf-mediated signaling events. Here, we observed that HGF treatment increased RKIP phosphorylation, while there was no significant change in the expression of total RKIP (Fig.  1B, bottom two lanes) .
c-Met-mediated Regulation of HO-1 and PD-L1
As the activation of Ras induces proliferative signals, we examined the effect of c-Met signaling on the proliferation of renal cancer cells. Cells were treated with HGF in the absence or presence of XL-184 and proliferation was measured by MTT assay. HGF treatment significantly increased cell proliferation compared with vehicle-treated cells, and the blockade of c-Met activation reduced the proliferative effect (Fig. 1C ). We also confirmed through BrdU incorporation assay that the HGF treatment increased the proliferative ability of renal cancer cells ( Fig. 1D ).
Next, we examined the effect of c-Met-mediated signaling in regulating renal cancer cell death. Cells were treated with dif-ferent combinations of rapamycin (RAPA) and HGF in the absence or presence of c-Met inhibitor. Following treatments, cells were stained with annexin V and propidium iodide and analyzed by flow cytometry to check the apoptotic index. As shown in Fig. 1E , treatment with RAPA increased cellular apoptosis, while that of HGF significantly inhibited apoptosis compared with vehicle-treated control. The percentage of RAPAinduced total apoptotic cells (early ϩ late) was decreased from (17.87 ϩ 7.12) ϭ 24.99% to (3.91 ϩ 3.16) ϭ 7.07% following HGF treatment; however, this effect of HGF was markedly prevented following XL-184 treatment. In XL-184 pre-treated cells, RAPA-induced total apoptotic cells increased from 7.07% MARCH 27, 2015 • VOLUME 290 • NUMBER 13 to (17.01 ϩ 5.78) ϭ 22.79% even in the presence of HGF (bottom panels). We found that the anti-apoptotic molecules Bcl-2 and Bcl-xL were significantly increased in HGF-treated cells compared with vehicle-treated controls (Fig. 1E, right panel) . Together, the c-Met-induced and Ras-mediated signals can play important roles in mediating proliferation and inhibiting apoptosis of renal cancer cells.
Induction of c-Met Promotes HO-1 Overexpression to Mediate Survival of Renal Cancer Cells-As discussed earlier, we have shown that activation of Ras induces the overexpression of cytoprotective HO-1, which promotes survival of renal cancer cells through the inhibition of apoptosis (15) . Here, we examined if the c-Met pathway is involved in regulating HO-1 in renal cancer cells. We observed that the treatment of both 786-0 and ACHN (data not shown) cells with the c-Met ligand HGF significantly increased HO-1 expression compared with vehicle-treated control ( Fig. 2A) ; and the treatment with XL-184 blocked c-Met-mediated HO-1 induction (Fig. 2B) .
Next, we studied if the c-Met activation can regulate HO-1 expression at the transcriptional level. By utilizing HO-1 promoter-luciferase construct, we observed that the HGF treatment markedly increased HO-1 promoter activity compared with vehicle-treated control; and c-Met/HGF-induced HO-1 transcriptional activation was blocked in the presence of XL-184 ( Fig. 2C) . It is known that the transcription factors Bach-1 and Nrf2 tightly control the HO-1 expression in a negative and positive manner, respectively (18, 34) . Here, we wished to study if c-Met-mediated signaling can modulate the expression of Bach-1 and Nrf2 in terms of nuclear versus cytoplasmic localization. As shown in Fig. 2D , HGF treatment decreased Bach-1 in the nuclear fraction and increased Nrf2 nuclear translocation compared with vehicle-treated controls. We also found that the HGF treatment increased Bach-1 and decreased Nrf2 expression in the cytoplasmic fraction.
Finally, we sought to determine if HO-1 is involved in c-Metinduced survival of renal cancer cells. 786-0 and ACHN (data not shown) cells were first transfected with HO-1 siRNA to knock-down HO-1, and then they were treated with either HGF or vehicle alone. The apoptotic indexes of the cells were analyzed as described before. We observed that when HO-1 was knocked down, the HGF treatment could not inhibit apoptosis (early ϩ late) of cancer cells compared with control cells (Fig.  2E ). Together, our results suggest that the induction of c-Met can protect renal cancer cells from apoptotic cell death through up-regulation of HO-1.
c-Met Activation Promotes the Expression of Immuno-suppressive PD-L1, and HO-1 Plays a Key Role in This Process-
Renal cancer cells can evade host anti-tumor immunity, possibly by suppressing T cell activation (21) . As HO-1 may regulate immune functions (35, 36) , we checked if the induction of c-Met and HO-1 can modulate the expression of the negative co-stimulatory molecule PD-L1 in renal cancer cells. 786-O cells were treated with either HGF or vehicle alone in the absence or presence of the c-Met inhibitor XL-184, and then the expression of PD-L1 was analyzed by flow cytometry. We first confirmed that PD-L1 is significantly expressed in renal cancer cell lines 786-0, Caki-1, and ACHN (Fig. 3A) . In con-trast, the expression (data not shown) of PD-1 (receptor for PD-L1) was very low-moderate on these cells. As shown in Fig.  3B (left panel) , HGF treatment markedly increased PD-L1 expression on 786 -0 cells compared with vehicle-treated control, and this effect was blocked in the presence of XL-184. We 
c-Met-mediated Regulation of HO-1 and PD-L1
also found that XL-184 treatment significantly reduced the expression of PD-L1 on murine renal cancer cells RENCA (Fig.  3B, right panel) . We demonstrated that c-Met-/HGF-induced PD-L1 overexpression was regulated at the transcriptional level as observed by luciferase assay, and this was inhibited by XL-184 treatment (Fig. 3C ). Next, we wished to study if HO-1 is involved in c-Met-induced PD-L1 up-regulation in renal cancer cells. We checked how the treatment with either the HO-1 inducer CoPP or the HO-1 inhibitor ZnPP can alter PD-L1 expression. Interestingly, we observed that similar to HGF treatment, CoPP also increased PD-L1 on renal cancer cells, while ZnPP decreased PD-L1 expression ( Fig. 3D) . Next, the cancer cells were transfected with either HO-1 siRNA or control siRNA. Following transfection, cells were treated with either HGF or vehicle alone, and then the PD-L1 expression was analyzed. We found that in HO-1 siRNA-transfected cells, HGF could not increase PD-L1 expression up to a similar level as that observed in control cells (Fig. 3E) . Together, our observations clearly suggest that c-Met activation promotes the up-regulation of the negative co-stimulatory molecule PD-L1 in renal cancer cells, and the overexpressed HO-1 can play an important role in this process. (Fig. 1B) ; and the active Ras can induce HO-1 in renal cancer cells (15) . Here, we examined if Ras and its downstream effector molecules are involved in c-Met-induced PD-L1 expression. We observed that siRNAmediated knock-down of Ras inhibited c-Met-induced PD-L1 expression in renal cancer cell (Fig. 4A) . Raf, Rho and PI-3K are critical effector molecules of Ras-induced signaling pathways. We next wished to determine which effector is functional for c-Met-induced and Ras-mediated PD-L1 expression. We used three effector domain mutants of Ras. Ras(12V,35S) retains full-length Raf-1 binding activity, Ras(12V,37G) retains Rho binding activity, and Ras(12V,40C) retains PI-3K binding activity (31, 37) . 786 -0 cells were transfected with one of these Ras effector domain mutants (or empty vector); and following transfection, the expression of PD-L1 was analyzed. We observed that the cells transfected with Ras(12V,40C) showed the highest level of PD-L1 expression compared with control cells (transfected with either empty vector or Ras-12V). There was minimal change in PD-L1 expression in either Ras(12V,35S) or Ras(12V,37G)-transfected cells (Fig. 4B) . These findings suggest that the signals for c-Met-induced and Ras-mediated PD-L1 up-regulation can be primarily channeled through the PI-3K pathway. We confirmed our observation by utilizing a specific PI-3K inhibitor, LY294002. As shown in Fig.  4C , HGF/c-Met-induced PD-L1 overexpression was blocked by LY294002.
Ras-PI-3K Signaling Pathway Is Involved in c-Met-induced PD-L1 Up-regulation-As demonstrated earlier, HGF-c-Met interaction promotes Ras activation
We also checked if c-Met-induced PD-L1 can regulate the proliferation of renal cancer cells. However, we observed that c-Met-induced proliferation was not PD-L1-dependent, as the HGF treatment increased cell proliferation even in PD-L1 knock-down cells compared with control (Fig. 4D) .
c-Met-induced Increase in PD-L1 Protects Renal Cancer Cells from Immune Cell-mediated Cytotoxicty-As discussed earlier, renal tumor infiltrating immune cells are rendered dysfunctional, and they express high levels of PD-1 (27) . Here, we sought to determine the functional significance of c-Met-induced PD-L1 overexpression in terms of modulating immune cell-mediated cytotoxicity of cancer cells. To this end, RENCA cells were co-cultured with freshly isolated splenocytes (syngenic; BALB/c), and treated with either HGF or vehicle alone in the absence or presence of c-Met inhibitor (XL-184). RENCA cells grown alone in culture and treated with either HGF or vehicle served as an internal control. Following treatments, the apoptotic indices of RENCA cells were analyzed by flow cytometry. As expected (data not shown), there was increased apoptosis of cancer cells when they were co-cultured with splenocytes. We observed that the treatment with HGF reduced splenocyte-mediated cell killing compared with vehicle-treated control (Fig. 5A, top two panels) . The total apoptotic cells (early ϩ late) following HGF treatment decreased from 21.03% (8.53 ϩ 12.50) to 10.01% (4.50 ϩ 5.51) compared with vehicletreated control. However, in the presence of XL-184, HGF treatment could not lower splenocyte-mediated cell killing; the total apoptotic cells increased from 10.01% (4.50 ϩ 5.51) to 20.58% (8.41 ϩ 12.17) ( Fig. 5A, upper right and bottom right  panels) .
We next tested the effect of PD-L1 blockade in modulating c-Met-mediated down-regulation of renal cancer cell immunocytotoxicity. The co-cultured cells (RENCA and splenocytes) were treated with HGF/vehicle in the absence or presence of PD-L1 neutralizing antibody. Following treatment, apoptotic indices of cancer cells were analyzed by flow cytometry. As shown in Fig. 5B (upper two panels) , HGF treatment decreased splenocyte-mediated cancer cell apoptosis; the total apoptotic cells (early ϩ late) decreased from 16.85% (4.54 ϩ 12.31) to 9.35% (2.27 ϩ 7.08). However, the HGF treatment could not 
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8116 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 13 • MARCH 27, 2015 decrease splenocyte-mediated cancer cell apoptosis in the presence of PD-L1 neutralizing antibody (Fig. 5B , upper right and bottom right panels). We found that the total apoptotic cells increased from 9.35% (HGF-treated group) to 21.49% (8.02 ϩ 13.47) in the presence of PD-L1 neutralizing antibody. We also observed (data not shown) a similar result in the presence of PD-1 neutralizing antibody. As an alternate approach, we also confirmed that the siRNA-mediated knock-down of PD-L1 in RENCA cells markedly increased immune cell mediated killing of cancer cells (co-culture assay) even in the presence of HGF treatment. As shown in Fig. 5C (upper two panels) , HGF treat-ment decreased splenocyte-mediated cancer cell apoptosis in control siRNA-transfected cells; the total apoptotic cells (early ϩ late) decreased from 19.59% (13.24 ϩ 6.35) to 12.25% (6.18 ϩ 6.07). However, the HGF treatment could not decrease splenocyte-mediated cancer cell apoptosis in PD-L1 siRNAtransfected cells (Fig. 5C, upper right and bottom right panels) . The total apoptotic cells increased from 12.25% (HGF-treated group) to 27.27% (18.53 ϩ 8.74) in PD-L1 siRNA-transfected cells, and this effect was at the comparable level as observed with PD-L1 neutralizing antibody. Together, we suggest that c-Met-induced up-regulated PD-L1 on cancer cells plays a FIGURE 5. c-Met-induced increase in PD-L1 protects renal cancer cells from immune cell-mediated cytotoxicity. A, RENCA cells/splenocytes co-culture (as described in "Experimental Procedures") was pre-treated with either XL-184 (10 M) or vehicle for 4 h. Following incubation, co-cultured cells were treated with either HGF (50 ng/ml) or vehicle. Following 72 h of treatment, the adherent RENCA cells were harvested and apoptotic index of the cells was analyzed by annexin V and propidium iodide staining. B, RENCA cells/splenocytes co-culture was incubated with either PD-L1 antibody (10 g/ml) or isotype antibody for 8 h, and then treated with either HGF (50 ng/ml) or vehicle. Following 72 h of treatment, the adherent RENCA cells were harvested and apoptotic index of the cells was analyzed by annexin V and propidium iodide staining. C, RENCA cells were transfected with 50 nM of either PD-L1 siRNA or control siRNA. Following 48 h of transfection, cells were utilized in the RENCA cells/splenocytes co-culture and treated with either HGF (50 ng/ml) or vehicle. Following 48 h of treatment, the adherent RENCA cells were harvested and apoptotic index of the cells was analyzed by annexin V and propidium iodide staining. The Western blot (right panel) represents the siRNA-mediated knockdown of PD-L1 compared with ␤-actin control. A-C, representative data of three independent experiments. MARCH 27, 2015 • VOLUME 290 • NUMBER 13 major role to inhibit immune cell-mediated cytotoxicity of renal cancer cells.
c-Met and PD-L1 Are Overexpressed and Co-localized in Human Renal Cancer Tissues-We checked the expression of c-Met and PD-L1 in human renal cancer tissues. As shown in Fig. 6 (top panels) , we found that both the proteins were lowmoderately expressed in normal renal tissue; however, both PD-L1 and c-Met were markedly overexpressed and co-localized in renal cancer tissues compared with normal ( Fig. 6, middle and bottom panels) .
DISCUSSION
c-Met is overexpressed in renal cancer, and it can play a major role in the growth and survival of tumor cells. However, the mechanistic pathway(s) and the effector molecule(s) for c-Met-induced tumor growth are not well defined. In this study, we show that the induction of c-Met in renal cancer cells activates the Ras signaling pathway, and prevents cellular apoptosis through overexpression of the cytoprotective molecule HO-1. In addition, we also demonstrate for the first time that c-Met-/HO-1-induced signaling regulates the expression of the negative co-stimulatory molecule PD-L1 on renal cancer cells, and thereby it prevents immune cell-mediated killing of tumor cells.
The Ras protein is often hyper-activated in renal cancer cells without being mutated, and it promotes tumor growth and progression (38) . The induction of receptor tyrosine kinases can play significant role in Ras activation (39) . Here, we find that the induction of c-Met promotes the activation of Ras signaling pathway in renal cancer, and is also associated with increased phosphorylation mediated suppression of its negative regulator RKIP. In our previous study (15) , we have demonstrated that the activation of Ras pathway induces overexpression of the cytoprotective and anti-apoptotic molecule HO-1 in renal cancer cells to protect them from the killing effects of chemotherapeutic agents. However, we could not link the upstream signal(s) associated with Ras-induced HO-1 overexpression. Here, we identify that the induction of c-Met, which is overexpressed in renal cancer cells, plays a vital role in Ras-mediated HO-1 expression; and this pathway promotes cell survival through reduced apoptosis. Importantly, along with c-Met, increased serum level of the c-Met ligand HGF has also been suggested to be of prognostic significance in RCC (40) . As discussed earlier, the expression of HO-1 is tightly regulated at the transcriptional level. We observe that the c-Met/HGF-mediated signaling can modulate the critical balance between the transcription factors Nrf2 (positive regulator) and Bach-1 (negative regulator) to induce HO-1 overexpression. c-Met-induced protection of renal cancer cells from apoptosis is markedly reduced when we knocked down HO-1.
In addition to promoting cell survival, HO-1 expression has been reported to mediate immune-modulation in certain inflammatory disease conditions (35, 36, 41) . HGF/c-Met signaling axis also plays important roles in the functional regulation of immune cells and exhibiting immunoregulatory properties (42) (43) (44) . HGF treatment has been shown to induce regulatory T cells and suppress CNS autoimmunity in a murine model (45) . HGF can inhibit dendritic cell function (46) . It has been reported that the expression of the negative co-stimulatory molecule PD-L1 is an indicator of tumor aggressiveness in RCC patients (28) . In this study, we find that the HGF treatment markedly increased PD-L1 expression in renal cancer cells; and the c-MET inhibitor XL-184 down-regulated PD-L1. c-Metinduced PD-L1 expression is channeled through the Ras-PI-3K pathway. Interestingly, we observe that the overexpressed HO-1 plays a major role in regulating c-Met-induced PD-L1 expression in renal cancer cells. However, the detailed mechanism(s) by which HO-1 regulates PD-L1 needs to be explored.
It has been reported by Thompson et al. that the expression of PD-1, the PD-L1 receptor on RCC tumor infiltrating cells, is associated with poor outcome for patients (27) . Here, we show that c-Met-induced PD-L1 expression significantly reduces the cytotoxicity of splenocytes; and this can be prevented by utilizing PD-L1/PD-1 neutralizing antibody. Our data provides a logical correlation to the observation of Uzzo et al. and Rayman et al. that the RCC tumor infiltrating PD-1 expressing T cells are dysfunctional (21, 47) . Targeted PD-L1 antibody therapy can be beneficial in the treatment of some specific cancer types (48, 49) . However, the molecular insights into PD-L1 expression and its regulation in RCC cells are limited. Our data point out the potential of exploring c-Met inhibitors and PD-L1 targeted therapy, either alone or in combination, for the treatment of renal cancer patients. As pathophysiological significance, we observe that both c-Met and PD-L1 are overexpressed and colocalized in human renal cancer tissues. However, we did not find (data not shown) any interaction/complex formation (in vitro) between c-Met and PD-L1. Also, the c-Met-induced proliferation of renal cancer cells was not PD-L1-dependent. Thus, we suggest that c-Met-induced overexpressed PD-L1 on renal cancer cells is primarily involved in immune escape of tumors through its interaction with PD-1 expressed on T or other immune cells.
In summary, this study explores a novel c-Met-induced pathway for the survival of renal cancer cells through the regulation of anti-apoptotic HO-1 and negative co-stimulatory molecule PD-L1. Our study for the first time, demonstrates that the c-Met-induced signaling promotes PD-L1 overexpression in renal cancer cells, and it plays a major role for immune escape of tumor cells. Together, HO-1 and PD-L1 can serve as novel therapeutic targets in c-Met-induced renal cancer.
